We investigate the dynamicaly polarized nuclear-spin system in Fe/n-GaAs heterostructures via the response of the electron-spin system to nuclear magnetic resonance (NMR) in lateral spin-valve devices. The hyperfine interaction is known to act more strongly for donor-bound electrons than for those in the conduction band. We provide a quantitative model of the temperature dependence of the occupation of these donors. With this model we calculate the ratios of the hyperfine and quadrupolar nuclear relaxation rates of each isotope. For all temperatures measured, quadrupolar relaxation limits the spatial extent of nuclear spin-polarization to within a Bohr radius of the donor sites, and is directly responsible for the isotope dependence of the measured NMR signal size. The hyperfine interaction is also responsible for the 2 kHz Knight shift of the nuclear resonance frequency that is measured as a function of the electron spin accumulation. The Knight shift is shown to be an absolute measure of the electron spin-polarization that agrees with standard spin transport measurements.
I. INTRODUCTION
Hyperfine interactions profoundly influence electron-spin dynamics in n-GaAs at temperatures below 100 K. [1] [2] [3] The strong influence is a direct result of the low channel doping of between 2 and 10 × 10 16 cm −3 typically used to maximize the spin lifetime. 1, [3] [4] [5] [6] This doping range is only slightly above the metal-insulator transition of GaAs, where the system is best described with a combination of localized and itinerant states. 7, 8 Localized electrons have a dramatically enhanced overlap with nearby nuclei, greatly increasing the efficiency of dynamic nuclear polarization via the contact hyperfine interaction. 9, 10 The spin-polarized nuclear system acts back on the electron system as an effective magnetic field that is often larger than the applied field.
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In this paper we measure nuclear magnetic resonace (NMR) via the response of the electronic spin accumulation to this effective field. A typical means of modulating the electron spin accumulation is dephasing the spins with an applied magnetic field via the Hanle effect. The presence of the effective nuclear magnetic field can cancel the applied field and maintain the electron spin polarization. When the nuclear spin-polarization is destroyed by NMR, the electronic spin signal changes to adjust to the new effective magnetic field.
To detect NMR we monitor the polarization of the electronic spin system as a function of the frequency of the applied AC magnetic field. The electronic response to NMR varies by an order of magnitude from isotope to isotope. We show that quadrupolar relaxation of nuclear spin allows a nonzero nuclear spin polarization to exist only very near donor sites, and that this spatial dependence explains the order of magnitude difference in the NMR signal sizes as a function of isotope. The presence of spin-polarized electrons acts via the hyperfine interaction as an effective magnetic field on the nuclei near these donor sites. The electronic field near donor sites is known up to the occupation fraction of the donor sites and the spin-polarization of the occupying electrons. We provide a quantitative estimate for the occupation fraction from charge transport based on a model of neutral impurity scattering.
Using this model, we show that the magnitude of the electronic spin polarization can be determined exactly via the Knight shift. Figure 1 shows a schematic of a typical lateral spin-valve device. The epitaxial Fe/nGaAs heterostructures consist of 5 nm of Fe, a 30 nm region of highly silicon-doped n-GaAs 5×10 18 cm −3 , and a 2.5 µm lightly doped channel 3−8×10 16 cm −3 . 5, 6, 12 The heterostructures are fabricated using standard photolithography and semiconductor processing techniques into lateral spin-valves with two identical injection and detection contacts (5 µm × 50 µm), labeled b and c respectively, separated by 10 µm. A spin-polarized current is created at the injection contact (b) when the Fe/GaAs interface is current biased. This spin current leads to a non-equilibrium spin accumulation in the channel
where n ↑(↓) is the concentration of electrons with spin up(down). The spin accumulation then evolves through the channel via the effects of drift, diffusion, relaxation and precession.
The presence of the spin accumulation in the channel is detected as a change in voltage relative to a remote contact (d), at either the injection contact itself in a three-terminal configuration ∆V bd , 1,13 or at a nonlocal detection contact ∆V cd (not shown). 1, 5, 6 In either case, the spin accumulation is detected by dephasing the spins in the channel via the Hanle effect with an applied magnetic field perpendicular to the magnetization of the contacts. 
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In the following sections we show that the observed isotope dependence of the magnitude of the NMR signal is due to the competition of nuclear-spin relaxation rates arising from hyperfine and quadrupolar interactions. In Section 2 we review the model of coupled electron-nuclear spin system. In Section 3 we demonstrate a simple means of determining the temperature dependence of the donor occupation fraction from charge transport. In Section 4 we show that the temperature dependence of the measured NMR signal can be reproduced with a quantitative model of the spatial distribution of spin-polarized nuclei.
The different NMR signals for each isotope are shown to be a result of a different volume of spin-polarized nuclei. In Section 5 we show that it is possible to measure the Knight shift of the nuclear resonance frequency. We use the Knight shift to extract the absolute spin-polarization of the electron system.
II. THE COUPLED ELECTRON-NUCLEAR SPIN SYSTEM
Just above the metal-insulator transition, electrons experience a combination of localized and itinerant states. It has been shown that electron-electron interactions effectively maintain the same average spin polarization between these states. 16 The electrons in localized states interact strongly with the lattice nuclei via the contact hyperfine interaction
where µ B is the Bohr magneton, g e is the free electron g-factor, γ N is the nuclear gyromagnetic ratio, I and S are the nuclear and electronic spin operators respectively, and ψ e is the value of the electronic wavefunction evaluated at a nuclear site. For the purpose of calculation, we assume the localized wavefunction is that of a hydrogenic donor-bound 
and the Overhauser field, an effective nuclear field acting on the electrons that is the weighted sum of all the nuclei in the electron's Bohr radius
The strength of these electronic and nuclear fields have been calculated for GaAs to be
When the hyperfine fields are measured, they are typically smaller than their maximum values. The occupation factor Γ takes into account that the Knight field is zero when there is no electron bound to the donor. The nuclear field is reduced by the leakage factor f , which takes into account relaxation of the nuclear system. The leakage factor can be easily motivated by considering the following rate equation for a nuclei with spin I = 3/2 :
In the steady-state limit the average nuclear spin I is proportional to the average spin of the pumping electrons S and the ratio of the pumping rate coming from hyperfine relaxation 1/T H over the nuclear relaxation rate, which is the sum of hyperfine and all other relaxation
The leakage factor f is the ratio of these relaxation rate and is typically written in terms of the relaxation times
When the hyperfine relaxation time T H is small, f is unity and the nuclear spin is maximized.
If instead T H is larger than T * 1 , the nuclear spin system becomes leaky: f becomes small and reduces the average nuclear spin.
Previous to this work, the hyperfine fields could only be experimentally determined when combined with the occupation and leakage factors.
1 The Knight field Γb e and Overhauser field f b N have been determined by modeling the coupled electron-nuclear spin dynamics.
The average nuclear spin for these models has been calculated in the presence of local dipolar fields and allows for the average nuclear and electron spins to be non-collinear. The nuclear field in this case may be written as 2, 17 
where on average the nuclear spins point along the combination of the applied and electronic fields, and we treat the effective dipolar fields with a phenomenological constant B o .
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with channel doping of 5×10 16 cm −3 , by numerically solving the drift-diffusion equations for the electronic spin accumulation self-consistently in the presence of the nuclear field given in Eq. 10. They determined the nuclear fields to be Γb e = −50 G and f b N = −15 kG (11) at 60 K as well as measuring the effective microscopic fields to be B o = 50 G. Comparing to the theoretically calculated values, the implied occupation factor is Γ = 0.3. In the following section we show that this value agrees with estimates determined from charge transport.
III. OCCUPATION FRACTION
As discussed in the previous section, the occupation fraction of the localized states is a parameter that can be measured by modeling the coupled electronic and nuclear spin dynamics. In this section we provide means of extracting the occupation factor from a model of the electrical resistivity that takes into account neutral impurity scattering. This model is independent of spin transport measurements and can be used to predict the value the nuclear hyperfine relaxation rate as well as the Knight field. 
As the temperature is lowered, he resistivity drops until electrons start to localize, at which point the resistivity increases dramatically.
We attribute the increase in resistivity to a combination of the decrease of itinerant electrons as they "freeze out" of the conduction band as well as an increase in scattering from neutral sites. The resistivity is written as
where m and e are the effective mass and charge of electron, n d is the density of dopants, n L is the density of localized states, and n L A Γ(T ) is the neutral impurity scattering rate. The neutral impurity scattering rate is shown explicitly to depend on the density of localized states, the occupation fraction Γ(T ), and a prefactor that has been estimated by Ref. 19 to be m e 2 A = 80 mΩcm (13) for GaAs. We assume the metallic scattering rate 1/τ f comes only from those mechanisms observed at high temperatures so that the scattering rate can be taken from the high temperature fit to the resistivity 1
In this case Eq. 12 can be solved for the occupation factor
The only unknown parameter in this equation is the number of localized states n L , which can be estimated from simple statistics. We consider a donor site to be localized if its closest neighboring donor is further than a critical distance r c . The number of localized sites is given by the Hertz distribution to be
where a d is the average distance between donor sites a d = The two measurements are identical to within experimental uncertainties. This result shows that the electronic field comes from localized electronic states separated from the conduction electrons. It also provides a simpler means of estimating the hyperfine relaxation rate rather than modeling the electron spin dynamics at each temperature.
IV. THE NUCLEAR LEAKAGE FACTOR
There is an order of magnitude difference between the measured NMR signal of 71 Ga and of 75 As. This difference arises from a combination of the spatial dependence of the hyperfine relaxation rate and the strong isotope dependence of nuclear quadrupolar relaxation. The hyperfine relaxation rate can be estimated as
where τ c is the correlation time of the hyperfine interaction, b α e is the electronic field acting on the nuclear isotope α, and γ α N is the nuclear gyromagnetic ratio. 2 The hyperfine relaxation rate becomes exponentially slower for nuclei further from the donor site. In the absence of hyperfine interactions, it has been shown in undoped GaAs that Raman-like scattering of phonons dominates nuclear relaxation at temperatures above 30 K. 20 The electric quadrupole moment of the nuclei couples to the phonons via the electric field gradient induced by these scattering events. The quadrupolar Hamiltonian is non-spin-conserving resulting in a decrease in the average nuclear spin as phonons disturb the lattice. The resulting quadrupolar relaxation rate is given as
where κ is is a constant parameter which takes into account the coupling between phonons and the nuclei, Q α is the quadrupole moment, and T is the temperature. The parameter κ is expected to be doping independent and is treated as a fitting parameter. The values of the nuclear quadrupolar moments of GaAs are,
We see that all other things being equal, the quadrupolar relaxation of 75 As is 9 times larger than 71 Ga.
In our system, the hyperfine and quadrupolar relaxation mechanisms are similar in magnitude near donor sites. To correctly model the nuclear spin, we use a leakage factor that takes the form
which is explicitly isotope and position dependent. Using this form, we see that the leakage factor f is maximized near the donor, and f = 0 far from the donor. Therefore the nuclear field is only large in the region around donor sites where hyperfine effects dominate.
We model the spatial extent of the polarized nuclear spins with an effective radius r Q determined by the point where the two relaxation rates are equal
At 60 K this radius is only 0.17a o for 75 As, while it is 0.7a o for 71 Ga. The electron spin system averages the nuclear field within its Bohr radius. The effective leakage factor in this case is given by the weighted average
The value of the NMR signal A α is proportional to the following quantities: the sensitivity of spin signal at the applied field dV dB (B a ), the induced change in nuclear polarization, and the isotope dependent leakage factor f α . This yields the following relation:
Therefore the ratio of measured resonance signals of any two isotopes should be equal to the ratio of their leakage factors for all temperatures. 
V. KNIGHT SHIFT
In the previous section we demonstrated that spin-polarized nuclei are localized near donor sites and that the degree of localization had a direct impact on the magnitude of the measured NMR signal. In this section, we show the effect of the electronic field on the nuclear resonance frequency by demonstrating the Knight shift of the resonance frequency as a function of the electronic spin accumulation.
Resonance occurs at the nuclear Larmor frequency ν α = γ α N B tot , where the total field B tot is the sum of the applied field B a and Knight field B e (S). In the limit where the Knight field is much smaller than the applied field, the nuclear resonance frequency takes the form
where θ is the oblique angle of the applied field indicated in Fig. 1 . At a fixed applied field, the Knight shift of the resonance frequency ∆ν α is directly proportional to the change in spin polarization via the electronic field
The Knight field for As has been estimated in Ref. 2 to be approximately twice that of Ga
In addition, As has the highest concentration x of the nuclear isotopes
Equation 27 predicts the Knight shift of the resonance frequency to be approximately twice as large for 75 As than for 69 Ga, ∆ν 75As ≈ 2 kHz for 60 K and θ = 30 • . A highly precise measurement of the resonance frequency is required to measure the Knight shift. Figure 5 shows resonance curves taken at a very slow frequency sweep rate (14 Hz/s) to ensure the nuclear system remained in a quasi-equilibrium state. Each resonance has two sub-peaks as a result of a crystal strain field interacting with the quadrupole moment of the isotope. We have verified that for each isotope and for several angles that the sub-peaks have a difference in frequency ∆ν Q that is in agreement with the standard formula for quadrupolar splitting in an uniaxial electric field gradient V zz
where Q α is the electric quadrupole moment of isotope α, m z is the magnetic quantum number, and I = 3/2 is the nuclear spin. 22 Fits of the resonance curves are shown as solid lines in Fig. 5 assuming a triple Lorentzian model.
The measured Knight shift is taken at an angle of θ = 30
• . This angle nearly doubles the frequency shift compared to the data in Fig. 5 . However, ∆ν 71Ga Q becomes smaller than the NMR line width at this angle making an accurate fit of the resonance frequency impossible. Figure 6 shows the resonance frequency taken from fits of NMR curves of 75 As and 69 Ga as a function of the electron spin S measured via spin transport. In an all-electrical spin transport experiment, the spin polarization is taken to be directly proportional to the magnitude of the nonlocal spin signal ∆V cd
where η is the spin detection efficiency of the Fe/GaAs interface and g(ǫ f )/n is the density of states at the Fermi level normalized by the carrier density in the GaAs channel.
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For Fe/GaAs interfaces the detection efficiency has been measured to be η = 0.2 in spin-LED's. 26 The lines shown in Fig. 6 are the expected Knight shifts determined from Eq. 27.
The measured data and Eq. 27 are shown to be identical within experimental uncertainty.
This result reaffirms the calculation of the donor occupation fraction in Section 3, as well as providing an independent avenue for determining the spin accumulation in GaAs devices. In particular, this measurement can be performed in GaAs systems with any ferromagnet/GaAs interfaces capable of spin injection as the Knight field is independent of the interface.
VI. SUMMARY
We provided a quantitative description of NMR measured via the electronic system in Fe/n-GaAs lateral spin valve devices. We showed the occupation fraction of donors Γ can be estimated quantitatively from charge transport. Using this occupation factor, we model the spatial distribution of spin-polarized nuclei. We showed that a competition between hyperfine and quadrupolar nuclear relaxation rates localizes spin-polarized nuclei near donor sites. The magnitude of the NMR signal of each isotope is directly proportional to the effective volume of polarized nuclear spins. We also showed that within this volume the nuclei are directly affected by the presence of the Knight field. Finally, we measured Knight shifts of the nuclear resonance frequencies as a function of the spin accumulation. By using the calculated occupation factor, we show that the spin accumulation in the channel can be 
